Sodium fullerides Na C 60 (n = 2, 3) have been synthesized by a liquid phase reaction and investigated with X-ray diffraction (XRD), nuclear magnetic resonance (NMR), electron paramagnetic resonance, and differential thermal analysis. XRD data indicate that the crystal structure of Na 2 C 60 at 300 K is face centered cubic (FCC). A phase transition from primitive cubic to FCC crystal structure has been observed in this work in Na 2 C 60 fulleride at 290 K. The transition is accompanied by the step-like change of paramagnetic susceptibility. The crystal structure of Na 3 C 60 is more complicated than, and different from, what has been reported in the literature. A nearly seven-fold increase of paramagnetic susceptibility with increasing temperature has been observed in the Na 3 C 60 fulleride at 240-260 K. In the same temperature range, a new line at about 255 ppm appears in the 23 Na NMR spectrum, indicating a significant increase of electron density near the Na nucleus. The observed effect can be explained by a metal-insulator transition caused by a structural transition.
Introduction
Structural, magnetic, and electron properties of sodium fullerides Na C 60 noticeably differ from the structure and properties of corresponding fullerides and from the graphite intercalation compounds of heavy alkali metals K, Rb, and Cs. Firstly, Na 3 C 60 fulleride does not form a * E-mail: kulb@mig.phys.msu.ru superconducting state with decreasing temperature down to at least 2.5 K [1] . Secondly, the limit of sodium atoms intercalated in the fullerite C 60 without change of its FCC structure reaches x = 11-12 [2] [3] [4] . (For fullerides of heavy alkali atoms, the amount of intercalated atoms does not exceed 6.)
Investigation of the electronic properties of the sodium fullerides that are available in the literature leads to contradicting conclusionsnamely, properties ranging from insulators [5, 6] to metallic conductivity [7, 8] and the occurrence of the metal-insulator transition for Na 1 C 60 and Na 2 C 60 at about 290 K [9] . These contradictions, in the ideal case can be explained by the features of sodium atoms distributed within voids of the fulleride lattice.
The most informative method of characterization of the states of sodium atoms and C 60 molecules in sodium fullerides is the NMR of 23 Na and 13 C nuclei. This method was applied previously for the investigation of different fullerides [1, [7] [8] [9] [10] [11] [12] [13] [14] .
The experimental NMR spectra, line shifts for 13 C, 23 Na, and spin-lattice relaxation times depend strongly on composition and temperature. The origins of the observed dependences are unknown. These contradictions could originate the phase non-homogeneity of the samples. This is especially so for fullerides synthesized by the vapor phase method. Thus, in the series of publications, for example Ref. [13] , the results are interpreted in terms of fullerides with definite composition determined by the amount of reagents. However, as it follows from the experimental data, the investigated object is the mixture of products one of which is the non-reacted fullerite. With regard to this problem, the methods of fullerides synthesis in nonaqueous solutions described in references [12, [15] [16] [17] [18] are less dependent on the rate of metal diffusion.
The synthesis of fullerides in solutions is better controlled and allows growth of single-phase compounds with tailored composition.
The purpose of this work is the investigation of the dynamic behavior of sodium atoms in Na C 60 fullerides (n = 2, 3) synthesized from precursor solutions in toluene [12, [15] [16] [17] [18] by means of NMR and EPR methods.
Experimental
The samples of Na 2 C 60 and Na 3 C 60 fullerides have been synthesized by the reaction of metallic sodium with a solution of fullerene in toluene. The synthesis has been performed in a sealed glass vacuum setup using the method described in [12] . All stages of fulleride synthesis and sample preparation were carried out in vacuum or in a controlled Ar atmosphere. The amount of reacted C 60 has been measured and controlled in situ by NMR measurements on 13 C nuclei in which the disappearance of the 143 ppm line related to the fullerite phase indicates the end of the reaction.
XRD spectra of the obtained samples sealed under vacuum in glass ampoules have been recorded with a Guiner G670 HUBER setup at room temperature. NMR spectra for 13 C (75, 43 MHz) and 23 Na (79, 39 MHz) have been measured with a Bruker MSL-300 spectrometer with horizontal orientation of the sample in the static mode and applied magnetic field B 0 = 7.04 T. Excitation of the nuclear spin system has been made by the sequence of single pulses. The excitation pulse duration was 4 µs, and the interval between pulses was 1 s for 23 Na and 10-30 s for 13 C. The number of pulses in one measurement was 2500 for 23 Na and 450 for 13 C. The temperature of the sample was controlled with a B-VT-1-1000 setup in the temperature range 120-400 K. The accuracy of the temperature stabilization was ±1 K in this temperature range. For the control of the temperature in the range 380-1000 K, the setup described in [19] was used. With this setup, the temperature was controlled with accuracy ±5 K at temperatures up to 540 K and with accuracy ±15 K in the range 540-1000 K. NMR shifts were measured with respect to tetramethylsilane for 13 C and with respect to aqueous solution of NaCl for 23 Na. Measurements of the EPR spectra have been made with a Bruker Elexsys 500 spectrometer in X-band (frequency of about 9.5 GHz). The sample temperature was controlled by gas flow cryostat in the temperature range 105-300 K with accuracy ±0.5 K. Values of the g-factor were calculated using the EPR line of Mn 2+ ions in MgO (g=1.9812) with accuracy ±0.0005. The ampoule of MgO:Mn 2+ for the g-factor reference was attached to every sample during the EPR measurements. Relative paramagnetic susceptibility has been calculated by the double integration of the EPR spectra. Thermal analysis of the samples was performed with a DSC-204 Phoenix (Netzsch) differential scanning calorimeter in the temperature range 200-450 K with heating rate 10 K/min. In the NMR proton spectra of all synthesized fullerides, we observed low intensity signals that might be related to the adsorbed organic molecules. For the NMR of C 13 , a single high intensity signal corresponding to C 60 is visible as well as some low intensity features in the region 80-130 ppm, which may also be ascribed to absorbed organic molecules (with intensity at about background). The low intensity of these signals complicates their identification.
Results and discussion

Fulleride Na 2 C 60
According to the literature, Na 2 C 60 and Na 3 C 60 synthesized with the vapor phase method crystallize in FCC lattices [20, 21] and, in this sense, do not differ from potassium and rubidium fullerides (at least in the case of Na 3 C 60 ). Sodium fullerides Na C 60 (n = 2, 3) synthesized by the liquid phase method [12] are free of unreacted initial reagents according to the NMR 13 C and XRD data. Their XRD data recorded at room temperature are shown in Figs. 1a and 1b. As can be seen, Na 2 C 60 has a cubic lattice with lattice constant = 14.224 Å. However, part of the reflections belongs to the primitive cubic (marked as PC in Fig. 1 ), while the other part belongs to the FCC structure. Most likely, the mixture of the PC and FCC phases exists at room temperature. XRD data of synthesized Na 3 C 60 fullerides are more complicated and cannot be identified as Fm3 systems. The crystal structure is either triclinic or (less probably) the substance consists of the mixture of phases discussed previously. Thus, the crystalline structure of Na 3 C 60 synthesized in toluene is essentially different from similar fullerides of K, Rb Cs as well as from Na 3 C 60 synthesized by the vapor phase method described in the literature [13] .
In 13 C NMR spectra recorded on Na 2 C 60 in the temperature range 170-370 K, only one line dominatesits position and width depending on temperature (Fig. 2) . The temperature variation of the NMR spectra can be explained by the freezing of the rotations of C 60 2-ions and by the absence of localized magnetic moments. The described temperature variations are reversible and agree well with the data of Ref. [7, 10, 11] .
Raman spectra of Na 2 C 60 and Na 3 C 60 are shown in Fig. 3a .
In Fig. 3b , the position of the Ag(2) line of these compounds is shown compared to the K 3 C 60 fulleride. As can be seen in Fig. 3b , the positions of the Ag(2) lines in Na 2 C 60 and in Na 3 C 60 are nearly the same. The Ag(2) line of Na 2 C 60 and Na 3 C 60 is shifted about 6 cm −1 to the larger wave numbers with respect to the Ag(2) line position in K 3 C 60 fulleride. This shift corresponds to the mean charge of C 60 in Na 2 C 60 and Na 3 C 60 close to -2 [22] .
More information can be derived from the spectra of 23 Na NMR shown in Fig. 4 . As is seen at 291 K, the NMR spectrum has two main lines positioned at -3 ppm and 60 ppm. According to Ref. [11] , the presence of these two lines can be interpreted as the co-existence of two phases of Na 2 C 60 . The NMR line in high fields corresponds to the Na 2 C 60 with PC lattice (Fa3) while the low field line at 60 ppm corresponds to Na in the FCC (Fm3m) lattice, a result that agrees with the conclusion drawn from the analysis of XRD data. With the decrease of temperature below 291 K, the NMR line corresponding to the FCC phase disappears while the line corresponding to the PC shifts at higher fields to -12.5 ppm and splits as a result of quadrupole interaction.
In the temperature range 150-290 K a few low intensity (∆ ∼ 0.005 mW/mg) reversible thermal effects have been observed by DTA in Na 2 C 60 (Fig. 5) . Two endothermic peaks were observed at 221 K and 253 K. These peaks can be related to the change of the electronic structure, a change that is confirmed by the data from the EPR measurements.
The results of the EPR measurements on Na 2 C 60 are plotted in Figs. 6a-8a. EPR spectra consist of one intense (Fig. 6a) line with g-factor 2.0008(5). The shape of the line is also temperature dependent, a property that points to the complex structure of the EPR spectrum. The double integrated EPR signal is proportional to paramagnetic susceptibility (Fig. 7a) . Two notable features can (2) line in the Raman spectra of Na 2 C 60 , Na 3 C 60 and K 3 C 60 .
be seen in Fig. 7a : i) an increase of paramagnetic susceptibility with an increase of temperature from 210 K to 270 K and ii) a step-like increase in paramagnetic susceptibility with an increase of temperature from 293 K to 300 K. It should also be noted that the slope of the temperature dependence of the line width of the EPR line sharply increases at 210 K with rising temperature (see Fig. 8a ). These features of the EPR spectra can be explained in the following way. In Na 2 C 60 , the majority of the C 60 molecules exist in charge state 2 -with spin equal to 0. Here, it is necessary to note that the absence of metallic conductivity and the singlet spin state of alkali metals fullerides A C 60 (n = 2, 4) can be explained by the Jan-Teller effect, whereby the spontaneous deformation of highly symmetric C 60 molecules leads to the splitting of the t 1 level. By lifting the degeneracy the ground states of fullerides with odd become singlet. The Jan-Teller effect in fullerides appears to be strong enough to modify the band structure and open a new bandgap between occupied and unoccupied states of the band originating from the t 1 level [23] . Therefore, at low temperatures, the EPR signal most likely originates from paramagnetic defects such as dimmers (C 60 ) 2 1-and (C 60 ) 2 3-, or oxygen complexes [24] . At temperatures above 220 K, the thermal excitation of electrons above the new bandgap (which should be close to the energy difference between the singlet and triplet states of C 60 2− anion, i.e., an energy difference of 74 meV) becomes significant, and the EPR signal that originated from thermally-excited electrons and holes exceeds the signal originating from the defects. This signal from free carriers could have larger line width due to stronger spin relaxation, as has been found in experimental observations. The suggestion of thermal activation of charge carriers above the gap induced by the Jahn-Teller effect is also in agreement with the observed increase of the Knight shift of the 13 C NMR line and the observed decrease of line width with increase of temperature (see Fig. 2 ).
According to the DSC data in Na 2 C 60 , a wide reversible endothermic effect begins at 290 K with a maximum at 317 K (see Fig. 4 ) and heat power ∆ ∼ 0, 03 mW/mg. Most probably, it is caused by a reversible structural transition from PC to FCC lattice during heating. Together with the results discussed above, this points to the coexistence of PC and FCC phases of Na 2 C 60 fulleride in a wide temperature range. This is confirmed by NMR data where the signal from the PC phase completely disappears only at temperatures above 380 K.
Thus, according to DTA, NMR, and EPR data, one can conclude that, during heating of the Na 2 C 60 fulleride synthesized in this work in organic solvent, thermal activation of electrons above the bandgap induced by the Jahn-Teller effect takes place near 220 K, while a continuous structural transition from PC to FCC phase occurs between 293 K and 320 K. 
The
23 Na NMR line originating from the FCC phase shifts monotonically with temperature toward higher frequency from 70 ppm at 291 K to 150 ppm at 470 K. Above 700 K, decomposition of the fulleride takes place. The temperature dependence of the NMR spectrum becomes irreversible and shifts toward low frequencies during heating. At 903 K, the 23 Na NMR line is positioned at 6 ppm. The temperature dependence of the position of the 23 Na NMR line originating from the FCC phase having a broad "cupola" shape is shown in Fig. 9 . The NMR shift (δ) and the shape of the 23 Na NMR line are determined by two quantities:
where σ is the tensor of the chemical shift and where the product {A·χ} is the contribution to NMR from unpaired electrons (Knight shift, A is the tensor of hyperfine interaction between unpaired electrons and 23 Na nuclei, and χ is the local electronic susceptibility). The temperature dependence of δ( 23 Na) in the temperature range 300-600 K shows good agreement with the corresponding data of Ref. [11] , where it has been shown experimentally by EPR that the origin of the temperature-dependent NMR shift is the temperature dependence of χ(T). In the same work, the parameters of Eq. (1) have been estimated for the PC and FCC phases as σ PC = σ F CC = -65 ppm, A PC = 2300 Oe/µ B , and A F CC = 3500 Oe/µ B . Thus the temperature dependence of the NMR shift δ( 23 Na) plotted in Fig. 9 is described by the temperature dependence of the second term of Eq. (1). Such line shape of the temperature dependence of δ( 23 Na) is explained in the following section. As has been noted above, at temperatures higher than 220 K, thermally excited charge carriers start to dominate the EPR spectrum when temperature increases and when the magnetic susceptibility of the fulleride increases with temperature (see Fig. 7a ).
As can be seen in Fig. 4 , the shift of 23 Na NMR when T increases is accompanied by a noticeable change in its line shape. At 381 K, the NMR line represents a superposition of narrow and broad components with approximately the same peak position at 121 ppm. Raising the temperature up to 473 K causes the line shape to take the form of a "chair" consisting of a narrow line centered at 142 ppm and a wide line centered at 97 ppm. This shape remains unchanged up to the temperature 683 K. Above this temperature, the decomposition of fulleride begins and the changes in the NMR spectrum become irreversible. Above 473 K, the NMR 23 Na line separates allowing the extraction of three lines at 142 ppm, 119 ppm, and 90 ppm with intensity ratios 7:1, 5:1, and 9:1, respectively. These data show that sodium exists in three different statesNa(I), Na(II), and Na(III)in Na 2 C 60 at high temperatures. The NMR line originating from the Na(I) state is character- ized by maximal intensity and maximal shift to the high frequency range. The temperature dependence of the peak of this line shown in Fig. 9 has a broad maximum. NMR lines from the Na (II) and Na (III) states are positioned at lower frequencies and are visible only at temperatures above 473 K.
The problem is the relation between Na states and Na positions in the FCC lattice. As a result of relatively large radii of the C 60 molecule (5.011 Å), there are three types of voids in close-packed FCC lattices with different sizes. Their coordination numbers are listed in Table 1 in Ref. [24] .
The total number of possible voids in the FCC unit cell is 11: one octahedral (O-position), two tetrahedral (Tpositions), and eight trigonal (T'-positions). The ionic radii of Na + are 0.97 Å, while the atomic radii of Na are 1.88 Å. Therefore, for a random distribution of sodium in voids, ions can occupy any of 11 positions, while a neutral sodium atom can occupy only the O-position. In this case, for any composition of Na C 60 ,the existence of three sodium states should be expected, producing three NMR lines with ratio of intensities T':T:O = 8:2:1 and the se- 
quence of NMR shifts δ(T') > δ(T) > δ(O).
Precisely this relative positioning of NMR shifts has been established for nuclei of heavy alkali metals (A = K, Rb, Cs) in fullerides with composition A 3 C 60 [25] . Thus, according to the relative positions of NMR shifts, we relate the signals associated earlier with Na(I), Na(II), and Na(III) states to the T', T, and O-positions of sodium in the FCC lattice of Na 2 C 60 , respectively.
Figure 10. Low temperature NMR
23 Na for Na 3 C 60 .
Fulleride Na 3 C 60
According to data in the literature, Na 3 C 60 synthesized by the vapor phase method has FCC crystal lattice similar to fullerides of potassium and rubidium [20, 21] . Nevertheless, in samples of Na 3 C 60 , there is always free fullerite [13] , thus explaining why the interpretation of X-ray data may be wrong. The X-ray data of our Na 3 C 60 sample synthesized by method [12] without fullerite have complicated character (see Fig. 1b) . Inasmuch as the X-ray data do not correspond to Fm3 symmetry, it is likely that this substance was synthesized as a mixture of different phases. Thus, Na 3 C 60 synthesized in toluene has essentially different crystal lattice from that found in Ref. [21] , or from potassium and rubidium fullerides synthesized by the same method [12] . In the 13 C NMR spectrum of Na 3 C 60 recorded at room temperature, one line with a maximum at 182 ppm is present. The signal becomes narrower and shifts towards a high frequency range as the temperature increases. At 370 K, the maximum of the 13 C NMR line is at 187 ppm. The value of the NMR shift agrees with the data of the Ref. [12] and indicates the density of electronic states at Fermi energy close to that of the K 3 C 60 compound. This suggests that the investigated Na 3 C 60 is a metal at room temperature even though the charge state of the C 60 molecule is close to 2 − according to Raman data. The origin of this unusual behavior could be the low symmetric crystal structure of the investigated C 60 , a feature that could prevent the JahnTeller distortion of the C 60 molecule. The temperature variations of the 23 Na NMR spectra reflect a reach dynamic picture created by the sequence of reversible (at low temperatures) and irreversible (at temperatures above 543 K) phase transitions taking place in Na 3 C 60 . In Fig. 10 , the 23 Na NMR spectra in the temperature range 220 K-290 K are plotted. At 290 K, the NMR spectrum consists of four lines. Three of them are positioned in a high frequency range at 291 ppm, 148 ppm, and 101 ppm and one line is positioned in a low frequency range at -27 ppm. To explain the large number of NMR lines and the existence of the high frequency NMR line at 291 ppm (which possesses an NMR shift one fourth of the NMR shift of Na metal (1130 ppm)), we propose the structural transition accompanied by the metal-insulator transition that takes place at temperatures close to room temperature, leading to a single phase substance with complicated composition. As a result of the composite crystal structure of synthesized Na 3 C 60 , the positions of Na ions will be different with respect to the distance of the C 60 molecules from the sodium atoms. Moreover, since the charge state of the C 60 molecule is close to 2 − , one can expect different charged density at different Na atoms. Based on these suggestions and using NMR data for Na 2 C 60 , we ascribe the 23 Na NMR signals at -27 and 101 ppm to two different sodium positions in [Na 2 C 60 ]-like fragments of composite crystal structurethe weak signal at 148 ppm to the third sodium position, and the NMR signal at 291 ppm to the Na atoms with minimum charge transferred to the fullerene molecule positioned at minimum distance from its C atoms. As can be seen in Fig. 10 , when T decreases the intensity of the NMR signals at 291, 148, and 101 ppm also decreases, accompanying an increase of intensity of the high field NMR signal that was previously related to the Na atoms in the PC lattice of Na 2 C 60 . A sharp change in the NMR spectrum takes place between 260 K and 250 K: the intensity of the signal related to the Na atoms with largest electron density (minimum charge transfer) tends to zero. This can be explained by the metal-insulator transition caused by the structural transition at this temperature probably accompanied by a redistribution of the Na atoms in the lattice. Thus, we suppose that, by decreasing the temperature from 260 K to 250 K, Na 3 C 60 turns into an insulating (semiconducting) state, a gap opens at the Fermi level, and the density of free electrons near the Na and carbon atoms decreases abruptly. Therefore, the corresponding NMR signal disappears and the intensity of the ESR signal decreases dramatically (see below).
The only high-intensity (∆ ∼ 0, 21 mW/mg) endothermic effect is observed in the DSC data on Na 3 C 60 whereas other features are very weak and can be neglected (Fig. 11) . The beginning of heat absorption takes place at ∼250 K while the maximum is at 259 K. This temperature coincides exactly with the temperature of the abrupt changes in the NMR spectra. The high intensity of the heat effect can be explained by the structural transition accompanied by the redistribution of Na atoms and the reduction of electron energy that results from the metalinsulator transition.
At temperatures above room temperature, a dramatic change of the 23 Na NMR spectra has been observed (Fig. 12) . Firstly, the disappearance of the high field 23 Na NMR signal and the shift of the low field signal to a higher frequency range as well as its splitting into two components at 112 ppm and 150 ppm take place for the heating of the fulleride in the temperature range 290 K-400 K. In the temperature range 300-320 K, only a small endothermic effect with intensity ∆ ∼ 5·10 −4 mW/mg and maximum at 318 K can be seen in the DSC data. Secondly, a noticeable change of the intensity on the NMR lines at 112 ppm and 150 ppm occurs in the temperature range 423 K-523 K. Thirdly, at temperatures above 543 K, the temperature dependence of the NMR spectrum is not reversible. That is, the structure and the composition of the substance are changed.
Temperature dependence of the shift for all signals is shown in Fig. 13 . The most distinct feature of the 23 Na NMR spectra of Na 3 C 60 is the intense line at high frequencies that may be related to the Na atom with largest electron density (closest to the C atoms). The observed NMR shift of this signal up to 320 ppm is out of the range of normal shifts, as observed in the 23 Na NMR spectra of inorganic compounds (-20 ppm -+20 ppm). The origin of such a large shift could be the presence of free electrons (i.e., metallic conductivity).
In fact, the temperature dependence of the shift in the high frequency 23 Na NMR signal shown in Fig. 13 is approximated by a linear dependence δ(ppm) = 445-0.5T(K). Such dependence is typical for a Knight shift and shows the presence of free electrons. We may conclude that, at room temperature, the substance is metallic. EPR spectroscopy data confirm the suggestion about the metal-insulator transition's taking place at temperatures between 250 and 260 K. EPR spectra of Na 3 C 60 are similar to those of Na 2 C 60 , consisting of a single line (Fig. 5b) . Values of g-factor weakly vary with temperature in the range 2.0014-2.0017. However, the temperature dependences of paramagnetic susceptibility are noticeably different from those in Na 2 C 60 . A sharp (up to seven times) increase of relative paramagnetic susceptibility was observed for heating from 240 K to 265 K (Figs. 6b, 7b) . Simultaneously, the width of EPR signal increases stepwise from 0.15 mT to 0.5 mT (see Fig. 8b ). This fact points to the increase of electron density near sodium atoms
Conclusion
Sodium fullerides Na 2 C 60 and Na 3 C 60 were synthesized by the liquid phase method. Temperature dependences of relative paramagnetic susceptibility confirm thermal activation of free charge carriers in the Na 2 C 60 fulleride at temperatures above 220 K and, in Na 3 C 60 , at temperatures above 240 K. The most distinct features were observed in the temperature dependences of the NMR and EPR spectra at T = 240 K to T =260 K for the Na 3 C 60 fulleride. These features are accompanied by heat absorption (emission) and point to the structural and metal-insulator transitions taking place in this temperature range. The obtained results show complicated lattice dynamics and its influence on the electronic structure of the sodium ful-lerides.
